Poroelastic models are constructed based on a set of physical parameters known as the Biot's parameters (for isotropic materials these are comprised of 5 non-acoustical parameters and 4 mechanical parameters). These macroscopic properties are inter-correlated and dependent on the microstructure of the foam. Therefore, to optimize vibroacoustic behavior, the correlation between foam microstructure and macroscopic properties is needed. In this study, the effect of closed windows content (known as reticulation rate), cell size, and relative density on the mechanical properties of polyurethane (PU) foam are numerically studied using an isotropic, tetrakaidecahedral unit cell.
foam is of utmost importance in the design and optimization of such foams.
So far, the correlation between microstructure and non-acoustical parameters of foams with different internal structures has been studied by four different approaches: analytical (Allard and Atalla, 2009) , scaling laws (Allard and Atalla, 2009; Doutres et al., 2011 Doutres et al., , 2013 Gibson and Ashby, 1999; Göransson, 2006; Perrot et al., 2007b) , numerical (Hoang et al., 2014; Perrot et al., 2008 Perrot et al., , 2007a Redenbach et al., 2012; Roberts and Garboczi, 2001) , and empirical methods (Cummings and Beadle, 1994; Kino and Ueno, 2008; Jang et al., 2015) .
The internal structure of most porous material, such as highly porous polyurethane foam, is too complicated to be studied quantitatively. Therefore, a representative volume element (RVE) which is the minimum volume portion of a lattice containing the microstructure of the lattice and representing the behavior of the lattice, is considered (Li et al., 2003; Thiyagasundaram et al., 2010) . The RVE in idealized PU foam is a tetrakaidecahedral unit cell which is periodic in a lattice. The microstructure properties of PU unit cell are: geometrical properties of strut (strut cross section shape and material distribution along the strut), thickness t at the center of struts, length of struts l, reticulation rate R w (defined by (Doutres et al., 2011) as the ratio of the area of the open windows to the area of all windows which are placed on the same plane), cell size C s , and relative density ρ r ( that is defined as the ratio of unit cell density to cell constituent material density ρ/ρ s , and it is related to porosity with φ = 1 − ρ r ).
The microstructural properties of tetrakaidecahedral unit cells are characterized using two-dimensional (2D) images obtained from a scanning electron microscope (SEM) (Doutres et al., 2013 (Doutres et al., , 2011 ) (see Figure 1a and b) or using three-dimensional (3D) images obtained from micro-computed tomography (µCT ) (Jang et al., 2010; Perrot et al., 2007b; Veyhl et al., 2011 ) (see Figure 1c) . Based on the morphology of PU foams, the microstructure of these foams with low relative density can be idealized by a lattice of repeating unit cells as shown in Figure 1d . Two kinds of Kelvin (after Thomson (1887) ) unit cells are commonly considered in mechanical behavior studies (Gong et al., 2005; Hoang et al., 2014; Li et al., 2003) . In this study, the tetrakaidecahedral unit cell, shown in Figure 1e , is called KC1 and the other unit cell, Figure 1f , is named KC2. The correlation between the microstructure properties of foams with a tetrakaidecahedral unit cell shape and their mechanical properties has been studied by (Dawson and Shortall, 1982; Gong et al., 2005; Li et al., 2003; Mills, 2007; Shivakumar et al., 2011; Sullivan and Ghosn, 2009; Sullivan et al., 2008; Zhu et al., 1997) . Previous studies can be mainly classified according to their assumptions on (1) deformation mechanisms (e.g. bending, axial, shear, or torsional deformation) Zhu et al. (1997) presented analytically the correlation between the Young's modulus and relative density by considering that the deformation is caused by the bending and twisting in struts of tetrakaidecahedral unit cells. It was shown that the contribution of transverse shear forces and axial forces has the same order of magnitude as the effect of torsional deformation and accumulated mass at vertices (Li et al., 2003) . Gong et al. (2005) analytically developed a micro-macro correlations for mechanical properties of fully reticulated PU foams considering all deformation mechanisms, non-uniformity in distributed mass along the strut with plateau border cross section, and the accumulated mass at the vertices. Two analytical models for unit cells with a uniform strut cross section and accumulated mass at the corners have been presented by Sullivan and Ghosn (2009) and Sullivan et al. (2008) . In the former study, the deformation was because of axial and bending loads. While in a later study, shear effect was considered to be the only deformation mechanism. Later, Jang et al. (2008) modified the relations presented by Gong for struts with circular or triangular cross sections. This modified model is referred to by Gong and Jang's model in this study. Maheo et al. (2013) showed that the Young's modulus is more influenced by bending rather than shear, axial, and torsional deformation. An overestimation in predicted stiffness occurs by neglecting one or more deformation energies in the analytical model.
Analytical relations were found in good agreement with Finite Element (FE) modeling of an idealized unit cell presented (Gong et al., 2005; Jang et al., 2008; Li et al., 2003; Zhu et al., 1997) . However, because of microstructure idealization, the analytical and the FE models were found to underestimate the Young's modulus when compared with experimental measurements (Gong et al., 2005; Jang et al., 2008) . Therefore, empirical methods have been used to modify the relations based on idealization in geometry (Gong et al., 2005; Jang et al., 2008; Zhu et al., 1997) . In some studies, the distribution of materials were considered to be uniform along the struts (Hoang et al., 2014; Li et al., 2003; Thiyagasundaram et al., 2010; Zhu et al., 1997) , and in others, the accumulated mass at vertices was neglected (Li et al., 2003; Sullivan and Ghosn, 2009; Sullivan et al., 2008) . Numerical methods were mainly used to investigate the effect of non-uniformity in cross sections, modified mass at vertices, or closed windows (Jang et al., 2008; Lu et al., 2011; Zhou et al., 2002) . The non-uniformity in the strut cross sections thickness was found to have more impact on the elastic moduli than the shape of the cross sections (circle, triangle, and plateau border)
and it was reported as the reason for increase in the Young's modulus (Gong et al., 2005; Jang et al., 2008; Kanaun and Tkachenko, 2007; Thiyagasundaram et al., 2010) .
The mechanical models which are based on an idealized characteristic periodic unit cell (PUC) do not account for the cell irregularities that are typical of most foam structures. The influence of cell irregularity on mechani-
cal properties of open-cell PU foam has been studied numerically by modeling the lattice (known as the Voronoi model) using the FE method (Gan et al., 2005; Jang et al., 2010 Jang et al., , 2008 Kanaun and Tkachenko, 2007; Li et al., 2006; Zhu et al., 2000) . To capture the behavior of the foam, at least 6 cells per edge are needed to model the lattice. This number increases to 21 cells per edge as irregularities increase. Modeling a Voronoi cell with a minimum of 6 cells per edge by using solid elements is difficult and computationally intensive. Therefore, a lattice was modeled by beam elements (Zhu et al., 2000) .
Reported results show that an increase in non-regularities results in an increase in the Young's modulus (Li et al., 2006; Zhu et al., 2000) . It is worth mentioning that the influence of strut thickness non-uniformity is found less important than the effect of cell irregularity on the Young's modulus of the foam. Therefore, numerically periodic unit cell models are not as reliable as
Voronoi models but are computationally less expensive.
Mechanical properties of either polymeric or metallic cellular materials with tetrakaidecahedral unit cell while all the windows are completely closed have also been studied (Redenbach et al., 2012; Jang et al., 2015; Chen et al., 2015; Andersons et al., 2016) . Reduction in Young's modulus by increasing variability in cell size (Redenbach et al., 2012) and non-uniformity in cell wall thickness (Chen et al., 2015) are pointed out in the closed cell related numerical studies. In the latter study, it is assumed that at least 10% by using cubic cell models (Zhou et al., 2002) and numerically investigated for tetrakaidecahedral unit cells when the struts have a circular cross section (Jang et al., 2008 (Jang et al., , 2015 Lu et al., 2011) . In these studies, windows of the unit cell are considered as either binary opened or closed (these windows are referred to here as binary reticulated). In Jang's and Lu's studies, it is assumed that the square windows have the same chance as hexagonal windows of being closed and the thickness of the closed windows is the same as the strut thickness. In addition, the relative density is kept the same as the open cell model (Lu et al., 2011) . Therefore, less solid material is distributed to the struts of closed cells and, in consequence, the Young's modulus decreases The membrane impact on relative density of highly porous PU foams, the same PU foams used in this study, was shown negligible by Doutres et al. (2011) . However, the relative density ρ r is affected by closed membrane content, when ρ r ≥ 0.15, in Robert's model (Roberts and Garboczi, 2001 ). Elastic stiffness of four PU foams with different close pore content was reported by Zhang et al. (2012) . Their results show that fully closed-pore, with ρ r = 11.6%, is 92. 
Mechanical properties of Unit Cell

Numerical model for unit Cell
Since KC1 provides a higher number of windows (8 quadrilateral and 8 hexagon), it is preferred to study the impact of reticulation rate on mechanical properties of PU foam. This is of value for reticulated windows since a wider range for reticulation rate is reachable. In most cases, non-isotropic properties are expected since the cells are elongated in the rise direction due to the foaming and rising process. The focus of this work lies on the impact of the membrane closing the windows. Hence, the degree of anisotropy, which is defined as the ratio of the maximum height of cells to the lateral dimensions, is taken equal to one (Doutres et al., 2011; Gibson and Ashby, 1999; Ridha and Shim, 2008) . The geometry of the unit cells are created in SOLIDWORKS-(Dassault Systèmes) and FE models are solved in Abaqus 6.14-2-(Dassault Systèmes). The quadratic tetrahedron (type C3D10) element is selected for struts and vertices. To impose the periodic boundary (Gibson and Ashby, 1999; Gong et al., 2005; Jang et al., 2008) due to measurement uncertainties. This study uses the mechanical properties measured by Gong et al. (2005) as listed in Table 1 .
Material properties of the constituent material (Gong et al., 2005) Density, ρ s , kg/m 3
1190
Elastic modulus, E s , P a 69e6
Poisson's ratio, ν, 0.49 
where i, j = 1, 2, 3, and superscripts +j and −j stand for the jth pair of two opposite parallel surfaces of the unit cell (in directions + & −). ∆x Therefore, the right side of the equation will be constant for specified ik .
As an exapmle, the imposed PBC to the unit cells subjected to a normal compression test ( 22 ) are: 
where C s is the cell size (∆x 2 2 ). These constraints are imposed to the unit cells. The PBCs for the shear test are defined based on deformation gradients γ i,j = u i,j + u j,i . Here, only u i,j is applied. Therefore, two sets of BCs are applied simultaneously as shown in the following (Thiyagasundaram et al., 2010) :
where γ i j is the shear strain.
The periodic boundary conditions (Equations 1 and 4) are applied on boundary surfaces of the unit cell by using constraint equations in Abaqus. To do so, the boundary mesh pattern of a master surface is copied on the opposite boundary surface of the RVE (see Figure 4 ) and then, mesh is generated Storm et al. (2015) .
Master surface Mirror surface
Boundary mesh pattern is copied Figure 4 : Boundary mesh pattern of a master surface is copied on the mirror surface.
Derivation of the elastic constants
In this section the procedure of deriving linear elastic properties of the unit cell is detailed. The tetrakaidecahedral unit cell KC1 with partially reticulated membrane shows cubic symmetry. Therefore, the elastic tensor is defined by three independent elasticity components: C 11 , C 12 , and C 44 . 
3. Results
Impact of closed-windows on the mechanical properties
Before adding membrane into unit cells, mechanical properties of a fully reticulated R w = 100% unit cell obtained from numerical calculations are validated by comparison with the Gong-Jang's analytical models (Equations 7 & 8). It should be mentioned that Equations 7 and 8 are simplified for the case unit cell is isotropic.
ν = 1 2
where C I = 0.1338, C A = (3)−π/2, and β = 1.24 are geometrical constants for plateau border cross section shape of the struts. C 1 = 0.0168241 and C 2 = 0.654375 are dependent on the distributed material along the strut thickness. They are explained in the Gong and Jang's study (Gong et al., 2005; Jang et al., 2008) . As shown in Figure and experimental measurements. Therefore, the model presented by Doutres et al. (2011) is recalled here:
A fully reticulated unit cell when cell size is fixed to C s = 600 × 10 −6 (m) and l/t = 3.0, that results in ρ r = 2.6%, is considered to compare the numerical and analytical predictions. Properties of the constituent strut material of unit cells are listed in Table 1 . Results show that numerical model (E/E s = 0.14% and ν = 0.43) captures accurately the predicted result obtained from analytical Gong-Jang's model (E/E s = 0.13% and ν = 0.43).
The reasons for small differences between the analytical model and FE models can be attributed to limitations in CAD models to create the exact profile for struts, removing the exact amount of material at the corners in numerical models, and difficulties in determining deformation energies at the vertices in the analytical model. In the following, the numerical model will be modified in order to account for the presence of membranes closing the pores and its results used to propose an augmented Gong-Jang's model (Equations 7 and 8).
The tetrakaidecahedral unit cells KC1 with different reticulation rate, cell size, and relative densities are considered to identify the effect of cell properties on mechanical properties of a lattice of PU foam. It is worth mentioning that different reticulation rates are provided numerically by closing a fraction of windows as shown in Figure 3a . In the first set of numerical calculations, the membrane thickness is fixed in all models. Therefore, the ratio of membrane thickness to the strut thickness is reduced by increasing the cell size (relative density is fixed l/t = constant, therefore thickness of strut t increases as cell size increases, C s = 2l √ 2). Measurements show a slight increase in membrane thickness at struts edge vicinity. Membrane thicknesses at the center and near the strut edges of a studied PU foam (PU5) are measured using SEM photos as t m0 = 2.1 ± 0.45(µm) and t m1 = 3.0 ± 0.40 (µm) respectively. Therefore, the nominal values of the membrane thicknesses are considered in the first set of numerical models. The associated results are shown in Figure 6 .
The Young's modulus and Poisson's ratio are numerically calculated using the approach of Section 2.3. Figure 6 shows the impact of variation in unit cell properties on mechanical properties of the PU foams for the first set of calculations. In Figure 6 , E 100 (ν 100 ) stands for the Young's modulus Using results presented in Figure 6 , the following two relations are proposed to predict the impact of cell microstructure properties on its mechanical properties. Young's modulus and Poisson's ratio of partially reticulated PU foam are calculated using Equation 10 and Equation 11. E 100 and ν 100 calculated using Equations 7 and 8 respectively.
In the second set of numerical calculations, the ratio of membrane thickness to strut thickness is fixed and it is assumed to be the same as PU5 that is 4.2% at edges and 3.1% at center. Figure 7 shows the results when the ratio of membrane thickness to strut thickness remains unchanged but cell size varies. As depicted here, for cells with the same relative density, the cell size impact vanishes when ratio of membrane thickness to strut thickness is kept constant. It should be mentioned that the ratio (l/t) is fixed.
Validation
Experimental setup:
Impact of the reticulation rate on the mechanical properties of PU foams is investigated experimentally by performing compression tests at low-frequency using a quasi-static method (QMA) (Langlois et al., 2001) . In this method, at least two cylindrical samples with different shape factors (the ratio of half radius to thickness of the sample) are used. The samples are placed between two rigid plates with non-slippery surface conditions. A small amplitude, sinusoidal compression is imposed and the reaction force is measured. Based on the method proposed by Langlois et al. (2001) , the Young's modulus and the Poisson's ratio are measured. To avoid non-linearity effects, a maximum static strain of 2% is applied to the samples while dynamic strain is 0.02%.
The Young's modulus of 20 PU foams is measured using the QMA method and results are listed in Table 2 . Furthermore, reticulation rate R w , cell size C s , and ratio of l/t are characterized using SEM micrograph. Porosity φ is measured using the method presented by Salissou and Panneton (2007) .
Comparison of experimental and numerical results
Results obtained from numerical investigations are compared with experimental measurements. To do so, twenty PU foams, listed in Table 2 , are classified into four groups based on the cell size. Group A represents PU foams with cell size within C s = 655 ± 58(µm). Group B includes foams with C s = 761 ± 78(µm), Group C foams with C s = 1247 ± 103(µm), and Group D foams with C s = 1562 ± 124(µm). The first column in Table 2 indicates the group that each foam belongs to. Experimental measurements corroborate the numerical results in such a way that reticulation rate impact 
Conclusion
The Biot's parameters are inter-correlated and are microstructure-dependent.
There is, in consequence, a need for the development of links between the cellular structure of the foams and the Biot's parameters before realistically using these models for material-level optimization. In this sense, a microstructure-based model has been developed by Doutres et al. (2013 Doutres et al. ( , 2011 to link the microstructure (thickness and length of struts and the closed windows content) of polyurethane foams to their non-acoustical parameters.
An analytical relation which correlates the macroscopic mechanical properties of fully reticulated PU foams into their microstructure parameters has been presented by Gong et al. (2005) and Jang et al. (2008) . In this study, the latter model is augmented numerically to account for the effect of reticulation rate, cell size, and relative density on the mechanical properties of PU foams. The membrane thickness is considered to be variable. Results
show that the impact of closed pore content on mechanical properties of the PU foam reduces by either increasing the cell size or relative density of the foam. In addition, the Young's modulus of the foam increases by closing a greater portion of the windows while the Poisson's ratio decreases for the same amount of variation in closed pore content. Anisotropy in PU foams results in an increase in variability in ratio of the strut thickness to the struts length. Therefore, the ratio of struts thickness to the length should be averaged over all struts using SEM photos. Micro-structure properties and
Young's modulus of 20 PU foams are characterized using SEM photos and QMA measurement respectively. Results show that the predicted effect of reticulation rate on the Young's modulus is qualitatively in accordance with the measured Young's modulus.
